The significance of new physics appearing in the loop-induced decays of neutral Higgs bosons into pairs of di-bosons γγ and Zγ will be discussed in the framework of the 3-3-1 models based on As a by product, deviations from the SM prediction |µ 331 γγ − 1| ≤ 0.04 still allows |µ 331 Zγ − 1| to reach values near 0.1. We also show that there exists an CP-even neutral Higgs boson h 0 3 predicted by the 3-3-1 models, but beyond the 2HDM, has an interesting property that the branching ratio Br(h 0 3 → γγ) is very sensitive to the parameter β used to distinguish different 3-3-1 models. ¶ Corresponding author * Electronic address: hathanhhung@hpu2.edu.vn
I. INTRODUCTION
One of the most important channels confirming the existence of the standard model-like (SM-like) Higgs boson is the loop-induced decay channel h → γγ. Experimentally, the respective signal strength has been updated recently by ATLAS and CMS [2] [3] [4] . There is another loop-induced decay h → Zγ, which the branching ratio (Br) predicted by the standard model (SM) is Br(h → Zγ) = 1.54×10 −3 ±5.7% corresponding to the Higgs boson mass m h = 125.09 GeV [5, 6] . This decay channel has not been observed experimentally.
The recent upper constraints of the signal strength are µ Zγ < 6.6 and µ Zγ < 3.9 from ATLAS and CMS [7, 8] , respectively. In the future project from LHC with its High Luminosity (HL-LHC) and High Energy (HE-LHC), precision measurements for the signal strengths of the two decays h → Zγ and h → γγ can reach the respective values of µ Zγ = 1 ± 0.23 and µ γγ = 1 ± 0.04 for both ATLAS and CMS [9] . In addition, the ATLAS expected significance to the h → Zγ channel is hoped to be 4.9 σ with 3000 fb −1 .
In theoretical side, the loop-induced decays of the SM-like Higgs boson mentioned above are important for searching as well as constraining new physics predicted by recent SM extensions, which are constructed to explain various current experiment data beyond the SM predictions. In the SM, leading contributions to the amplitudes of both decays h → γγ, Zγ are at the one-loop level and relate with W and fermion mediation. On the other hand, SM extensions usually contain new charged particles including scalar, fermions, and gauge bosons spin 1. If any of them couple with the SM-like Higgs boson, they will contribute to the decay amplitude h → γγ from the one-loop level. Normally, these particles also couple with the SM gauge boson Z, hence give one-loop contributions to the decay amplitude h → Zγ too. It seems that the Br of the two decays h → γγ, Zγ have certain relations that the recent experimental constraint of µ γγ may result in a respective constraint on µ Zγ .
The theoretical studies of loop effects caused by new particles on the SM-like Higgs decays including h → γγ, Zγ have been done recently in many SM extensions such as 2HDM [10, 11] , where a thorough investigation in ref. [10] concerned strong correlations between two signal strengths µ γγ,Zγ . Hence, the experimental data of µ γγ can be used as an efficient way to predict theoretically constraints on the µ Zγ . In the left-right model, the h → γγ can be used as an approach to constraint the heavy charged gauge boson masses [12] . While, it seems that the old result of the decay h → Zγ [13, 14] has not been updated. In a recent scotogenic model, new singly and doubly charged Higgs bosons contribute to both loopinduced decay amplitudes h → γγ, Zγ [15] . But in this framework, the recent experimental data of the decay h → γγ predicts a very small |µ Zγ − 1| < 4%. In Higgs triplet models [16] , the situation is the same where it was pointed out that Br(h → Zγ) is usually smaller than Br(h → γγ). Suppressed values of |µ Zγ − 1| have been shown recently in other Higgs extensions of the SM [17] .
In this work, we will focus on another class of the SM extensions, called the 3-3-1 models, which are constructed from the gauge group SU (2) C × SU (3) L × U (1) X [18] [19] [20] [21] [22] [23] . These models have many interesting features which cannot be explained in the SM framework, for example they can give explanations of the existence of three fermion families, the electric charge quantization [24] , the sources of CP violations [25, 26] , the strong CP-problem [27] [28] [29] [30] . In general, one of the most important parameters to distinguish different 3-3-1 models is denoted as β, which defines electric charges of new particles through the following electric charge operator,
where T 3 and T 8 are two diagonal generators of the SU (3) group, X is the U (1) charge.
Apart from the popular 3-3-1 models with values of β = ± have been discussed phenomenologically [31] [32] [33] . Different phenomenological aspects in models with arbitrary β were also discussed [34] [35] [36] [37] [38] [39] [40] [41] . As we will see, the model contains nine electroweak gauge bosons, four of them are identified as the SM-like particles.
The remaining include one heavy neutral gauge boson Z and the two pairs of charged gauge bosons. Popularly, all particles get masses from three Higgs SU ( The decay h → γγ was mentioned in some particular 3-3-1 models for constraining the parameter space [42, 43] . Both h → γγ, Zγ were also mentioned previously in the 3-3-1 models, but some nontrivial contributions to the amplitude of the decay h → Zγ were not included [34, 35] . In this work, we will study effects of heavy particles predicted by the 3-3-1 models on the two decays of the SM-like Higgs bosons h → γγ, Zγ and the correlations between two corresponding signal strengths resulting from these effects. We will use more general analytic formulas of one-loop contribution to the decay amplitude h → Zγ introduced recently [44, 45] . For simplicity in calculating the physical states of the neutral CP-even Higgs bosons, the Higgs potential of the 3-3-1 models will be considered as an effective 2HDM after the first breaking step
form of the Higgs potential was mentioned in details in ref. [1] for studying a 3-3-1 model
This Higgs potential can be applied to a general 3-3-1 model keeping β as a free parameter, as we will present. This model will be denoted as the 331β in our work.
This can be seen by the fact that two 3-3-1 Higgs triplets have components the same as those appear in the 2HDM. The physical states of neutral Higgs bosons then can be determined exactly at the tree level. The Higgs sector predicted by 2HDMs can be collected, so that the recent theoretical constraint on the Higgs sector of 2HDM [46] can also be included to constrain the parameter space. The property that the 2HDM is contained in the 331β were concerned previously [39] .
On the other hand, the 331β contains another heavy neutral Higgs boson that does not couple with the SM particle, except the SM-like Higgs boson. Hence, if it is the lightest particle among those beyond the SM, the main decay channels of this particle are the tree level decay in a pair of SM-like Higgs boson and loop-induced decays to pairs of gluons and bosons γγ, Zγ. An investigation to determine which decay channels can be used to distinguish different 3-3-1 models will also be presented.
Our work is arranged as follows. Section II summarizes contents of the 3-3-1 models investigated in this work. All couplings and analytic formulas needed for calculating the Brs and signal strengths of the h, h 0 3 → γγ, Zγ are presented in Section III. Numerical results are shown in Section IV. Important remarks and inclusions are pointed out in Section V.
Finally, there are three appendices listing more detailed calculations on couplings, particular analytic formulas for one-loop contributions of different particles to the decay amplitudes of h, h 0 3 → γγ, Zγ, and interesting numerical illustrations.
II. 3-3-1 MODEL WITH ARBITRARY β

A. The model review
In this section, we summarize all fermions and Higgs bosons. Left-handed leptons and right-handed leptons are assigned to SU (3) L anti-triplets and singlets:
where in the parentheses present the representations and the hypercharge X of the gauge groups SU (3) C , SU (3) L and U (1) X , respectively. The model includes three right handed (RH) neutrinos ν aR and heavy exotic leptons E a L,R . The quark sector is arranged to guarantee for anomaly cancellation, namely
where i = 1, 2, a = 1, 2, 3, and J aL,R are exotic quarks predicted by the 331β model. There is another arrangement that the model contains three left-handed lepton triplets, one quark triplet and two other quark anti-triplets. But, it was shown that the two arrangements are equivalent in the sense that they predict the same physics [47, 48] .
To generate masses for gauge bosons and fermions, three scalar triplets are introduced as
where A, B denote electric charges defined in Eq. (1). These Higgses develop vacuum ex-
, leading to
The symmetry breaking happens in two steps:
It is therefore reasonable to assume that v 3 > v 1 , v 2 . At the second breaking step, ρ and η play roles of the two SU (2) L doublets similar to 2HDM, except differences in coupling with fermions. Masses and physical states of all particles are summarized as follows.
B. Fermions
Masses and physical states of the fermion relating with the Yukawa interactions. The respective Lagrangian for leptons and quark is
We note that in some particular values of β, additional terms may appear but a Z 2 symmetry can be imposed to exclude them, see an example given in ref. [1] with the same Yukawa Lagrangian of quarks.
As mentioned above, the SM-like fermions get masses from couplings with two Higgs bosons η and ρ, similarly to the 2HDM. On the other hand, the up (down) quarks couple to both Higgs triplets, leading to a different feature from four popular types of 2HDM, see for example [49] , where all up (down) quarks couple to the same Higgs doublet in order to avoid tree level flavor changing neutral currents (FCNCs). As a result, many interesting properties relating with the fermion coulings were pointed out to distinguish 3-3-1 models and 2HDMs [1] .
The exotic fermions couple to only χ, implying that only the neutral Higgs component χ 0 couple to these fermions, as we will see below. The neutral Higgs sector in ref.
[1] has a property that the χ 0 does not contribute to the SM-like Higgs boson. As a by product, the SM-like Higgs boson decouples with all exotic fermions, hence they do not contribute to the one-loop decay amplitudes h → γγ and h → Zγ.
The SM fermion masses are determined based on discussions in refs. [1, 36, 50] , where the mixing between quarks are safely ignored in this work. The mass matrices of all fermions are then diagonal. Now, all of the original fermion states are the physical, hence we will denote them by e aL,R , u aL,R and d aL,R . The fermion masses are given as follows:
The matching condition with the SM give
. Based on Refs.
[ 41, 50] , the ratios between VEVs are used to define three mixing parameters as follows
where i < j and i, j = 1, 2, 3.
The model predicts three neutral gauge bosons including the massless photon. Defining [50] s 331 ≡ sin θ 331 = √ 6g
the relation between the original and physical base of the neutral gauge bosons are 
where we have define a rotation R(x) as
The massless states φ 
As a result, we will choose f and λ 23 as functions of the remaining. This leads to the following form of the CP-even neutral squared mass matrix corresponding to the basis (r 1 , r 2 , r 3 ):
. Hence, h 0 1 ≡ h is identified with the SM-like Higgs boson found at LHC. Furthermore, in the following calculation we will see more explicitly that the couplings of this Higgs boson are the same as those given in the SM in the limit δ → 0.
From the constant trace of the squared mass matrix, the λ 13 can be written as
We will choose δ, m h 0 1 and m h 0 2 as input parameters. The λ 13 , λ 12 and λ 2 are dependent parameters, namely
and λ 13 was given in Eq. (34) . Based on the Yukawa Lagrangians (7) and (8), the couplings of the SM-like Higgs boson with SM fermions can be determined, see also in table I, where we have used the relation (29) . 
The notation of the Feynman rule is
where s = H ± , H ±A , H ±B . From the second line we list the relevant terms contributing to the decays h → Zγ, γγ. The corresponding Feynman rules are shown in Table III , where The couplings of Z and photon A µ with fermions arise from the covariant kinetic of fermion:
where f runs over all fermions in the 3-3-1β model, Q f is the electric charge of the f . Values 
where 
where
We pay attention on the quartic couplings of the Z and photon with charged gauge bosons.
The involving couplings of Z are given in table VI. These triple couplings were also given in Vertex Coupling ref. [34, 53] in the limit θ = 0.
B. Partial decay widths and signal strengths of the SM-like Higgs decays h →
Zγ, γγ
In the unitary gauge, the above couplings generate one-loop three point Feynman diagrams to the decay amplitude of the SM-like Higgs boson h → Zγ given in Fig. 1 .
The partial decay width is [44, 54] 
where the scalar factors F 21 and F 5 were mentioned previously for specific one-loop diagrams [44, 54] . More general formulas were given in Ref. [45] , leading the following expression 
We note that F 331 21,vss and F 331 21,svv were not included in previous works [34, 35] . The detailed analytic formulas of particular expressions are given in appendix B. The partial decay width of the decay h → γγ can be calculated as [44, 45] 
The detailed analytic formulas of particular expressions are given in appendix B.
To determine the Br of a SM-like Higgs decay, we need to know the total decay width.
In the SM, this quantity is sum of the five channels, namely [5, 6 ]
where the particular values of partial decay widths are well-known with Higgs boson mass of 125.09 GeV found experimentally [55] . The Br of a particular decay channel h → X, where X = gg, γγ, Zγ, is:
The numerical values are given in table VII [5, 6] , where the diphoton decay is consistent with that used in ref. [4] , Br(h → γγ) = (2.27 ± 0.07) × 10 −3 . The recent gobal signal strength found experimentally by ATLAS is µ γγ = 0.99 ± 0.14 [4] 2 .
The total decay width of the SM-like Higgs boson predicted by the 331β is computed based on the deviations of Higgs coupling with fermions and gauge bosons between the two models SM and 331β, as given in tables I and III. The result is
There are three loop-induced decays h → γγ, Zγ, gg. The SM-like Higgs boson does not couple with the exotic quarks in the 331β, we can consider only the top quark contribution to the loop contributing to the decay h → gg. This results in
where the deviation comes from the htt coupling listed in table I. This is consistent with recent investigation for h → γγ in a 3-3-1 model [43] .
The branching ratio of a SM-like Higgs boson decay h → X with X = γγ, Zγ is
Many experimental measurements for the SM-like Higgs boson were reported in ref. [56] .
We also consider the SM-like Higgs production through the gluon fusion process ggF at LHC. The respective signal strength predicted by 331β is defined as:
where the last value comes from our assumption that only the main contribution from top quark in the loop is considered. The signal strength of an individual decay channel is
The recent signal strengths of the two loop-induced decays are µ γγ = 0.99 ± 0.14 [4] and µ Zγ < 6.6(5.2) [7, 55] . 
One interesting point is that h 0 3 couple to only exotic fermions, similar to the heavy neutral Higgs appeared in a SU (2) 1 × SU (2) 2 × U (1) Y model [64] , where the partial decay width h 0 3 → gg is [54, 65] ,
In the limit t a 1 ∀a = 1, 2, 3, Eq. (53) can be estimated as [64] Γ(h
Furthermore, the production cross-section of this Higgs boson through the gluon-gluon fusion can be estimated from the two gluon decay channel [64] .
The partial width of the tree level decay h
where λ 13 was given in Eq. (34).
The total decay width of the h 0 3 is then
The last two decays are calculated as follows,
where To express the differences from the SM, we define a quantity δµ X (X = γγ, Zγ) as follows
We also introduce a new quantity R Zγ/γγ ≡ |δµ Zγ /δµ γγ | to investigate the relative difference between the two signal strengths, which have many similar properties. The recent allowed values relating with the two photon decay is −15% ≤ δµ γγ ≤ 13%, corresponding to the recent experimental constraint µ γγ = 0.99 ± 0.14 [4] . The future sensitivities obtained by experiments we accept here are µ γγ = 1 ± 0.04 and µ Zγ = 1 ± 0.23 [9] , i.e. |δµ γγ | ≤ 4% and |δµ Zγ | ≤ 23%, respectively.
The SU (3) L scale depends strongly on the heavy neutral gauge boson mass m Z , which the lower bound is constrained from experimental searches for decays to pairs of SM leptons Z → ¯ , particular reports for 3-3-1 models, see [66] where decays to exotic lepton pairs are included. Accordingly, at LHC@14TeV, m Z < 4 TeV is excluded at the intergrated luminosity of 23 fb
. Recent works used m Z ≥ 4 TeV for models with β = −1/ √ 3 [67, 68] , based on the latest LHC search [69] [70] [71] .
Recent discussion on 3-3-1 models with heavy right-handed neutrinos where β = −1/ √ 3 and
TeV is allowed [72, 73] In investigating the h 0 3 decays, we can put m Ea = m Ja = m F . There is a more general case that the mixing between different exotic leptons appear, then the loop with two distinguished fermions will contribute to the h Other studies on the 2HDM suggests that t 12 > 1/60 [9] . We will limit that 0.1 ≤ t 12 ≤ 3, which is consistent with ref. [1] and allow large |s θ | ≥ 5 × 10 −3 .
Considering m h 0 2 , m A , m H ± , t 12 and s δ as parameters of a 2HDM model mentioned in ref. [11] , important constraints can be found as c δ > 0.99 for all 2HDMs, leading to rather large range of |s δ | < 0.14. But large s δ prefer that t 12 is around 1 [76] . The recent global fit for 2HDM give the same result [77] . Lower masses of heavy Higgs bosons are around We will also consider the case of light charged Higgs masses, which loop contributions to the decay h → γγ, Zγ may be large. Accordingly, the Higgs self couplingsλ ij relating with charged Higgs masses in Eqs. (22), (23) and (24), should be negative. Our investigation suggests that |λ 13,23 | ≤ O(10 −3 ) while |λ 12 | can be reach order 1. We will consider more detailed in particular numerical investigations.
Strict constraints of the Higgs-self couplings for a 3-3-1 model with right handed neutrino were discussed in ref. [51] , where the Higgs potential is forced to satisfy the vacuum stability condition. Accordingly, interesting results can be applied to the 3-3-1 models with arbitrary β, namely
with i, j = 1, 2, 3 and i < j. Note that the constraints on the Higgs selfcouplings λ 1,2,12 correspond to the particular cases of the 2HDM [11, 55, 75] . Because In this case f is also small, as we realize in the numerical investigation as well as it has been shown recently [85] . Taking this into account to the charged Higgs masses in Eqs. (23) and (24) ofλ 12 < 0. This is because the constraint fromf 12 > 0 will be more strict than that from f 12 > 0 whenλ 12 < 0, namely it will be equivalent to f 12 > |λ 12 |. Hence f 12 plays role as the upper bound of |λ 12 |.
The allowed regions also depend on λ 1 , see contour plots in figure 5 corresponding to deviation from the SM prediction.
The left panel of Figure 7 illustrates the contour plots with fixed β = −1/ √ 3 for allowed values of δµ Zγ corresponding to the none-color regions that satisfy the constraints of parameters and the recent experimental bound on δµ γγ . The right panel of Figure 7 shows the contour plots of R Zγ/γγ , where the non color region satisfies R Zγ/γγ ≥ 2. In this region, we can see that |s δ | ∼ O(10 −3 ) and negative. Hence, the current constraints µ γγ = 0.99 ± 0.14 predicts |δµ Zγ | < 0.15 which is still smaller than the future sensitivity δµ Zγ = ±0.23 mentioned in ref. [9] . In addition, most of the allowed regions satisfy 0.8 ≤ R Zγ/γγ ≤ 2, hence the approximation Br(h → γγ) Br(h → Zγ) is accepted for simplicity in previous works.
For large v 3 = 14 TeV and recent uncertainty of the δµ γγ , our investigation shows generally that the above discussions on the allowed regions as well as R Zγ/γγ illustrated in figure 7 depend weakly on β. which is even much smaller than the expected sensitivity of δµ γγ = 4. Anyway, it can be noted that F |δµ γγ | ≤ 4% being the future sensitive of µ γγ . On the other hand, large deviations can result from large |s δ |. In this case, all δ Zγ,γγ and s δ have the same signs.
Regarding β = √ 3 corresponding to the model discussed in ref. [74] , where v 3 = 3 TeV is still accepted, the allowed regions changes significantly, as illustrated in figure 8 . In particularly, the model gives more strict positive s δ < 0.03. one-loop contributions from SU (3) L particles can give deviations up to few percent for both δµ Zγ , δµ γγ . This property Simultaneously, all of the contribution to the decay amplitude h supports large one-loop contributions from charged Higgs mediation to decay amplitudes
Regarding the model with β = √ 3 discussed in ref. [74] , the main difference is the small To finish, from above discussion we emphasize that in other gauge extensions from the SM such as the SU (2) 1 ⊗ SU (2) 2 ⊗ U (1) Y models, which still allow low values of new gauge and charged Higgs bosons masses [64, [88] [89] [90] [91] , the contributions like F 12,sv may be as large as usual ones, hence it should be included in the decay amplitude h → Zγ. In addition, these models may predict large δµ Zγ which also satisfy |δµ γγ | ≤ 0.04. This interesting topic deserves to be paid attention more detailed. In addition, our scan shows that the curves in the figure 9 do not sensitive with the changes of s δ . We can conclude that contributions from heavy exotic fermions are alway dominant for large β.
While F 21, sv is suppressed. For the decay h 0 3 → γγ, the destructive correlation between F γγ,v and F γγ,f happens with small |β|. This results in two peaks in the figure, where
Individual branching ratios of h is that, the Br(h 
V. CONCLUSIONS
Significance of new physics predicted by the 3-3-1 models from the loop-induced neutral
Higgs decays h, h 0 3 → γγ, Zγ have been discussed. For the general case with arbitrary β, we have derived that these decays of the SM-like Higgs boson do not depend on the β, i.e., they cannot be used to distinguish different models corresponding to particular β values. This is because of the very large v 3 with values of around 10 TeV, leading to the suppressed one-loop contributions from heavy gauge and charged Higgs bosons, except the H ± , which are also predicted by the 2HDM and do not depend on β. Hence, the large deviations δµ Zγ,γγ will be originate from the one-loop contribution of the H ± and large |s δ |. In the region resulting in large δµ Zγ , the recent constrain on the significance of the di-photon decay always gives strict upper bound on that of the h → Zγ decay. In particular, our numerical investigation predicts |δµ Zγ | ≤ |δµ γγ | < 0.23, which is the sensitivity given in HC-HL project.
On the other hand, in a model with β = √ 3, where v 3 3 TeV is still valid [74] , δµ Zγ may be large in the allowed region µ γγ = 0.99 ± 0.14. In the 331β model, the explicit analytic formulas of one-loop contributions to the anplitudes of the decay h → γγ, Zγ will be presented in terms of the Passarino-Veltmann (PV) functions [83] , namely the one-loop three point PV functions denoted as C i and C ij with i, j = 0, 1, 2. The particular forms for one-loop contributions to the decay amplitudes h → Zγ, γγ were given in Ref. [45] , which are consistent with the previous formulas [44] .
We have used the LoopTools [84] to evaluate numerical results. The contributions from the SM fermions corresponding to the diagram 1 in Fig. 1 are 
The other contributions to the mentioned h 0 3 decays are calculated by simple replacements the mass and couplings of the SM-like Higgs bosons with those of the h 0 3 . We note that the W bosons does not included in these amplitudes. 
